particular therapy can be adapted to either increase or decrease the particular neural 
activity in a manner that produces the desired results. For example, an amputee may 
feel phantom sensations associated with the amputated limb. This phenomenon can be 
treated by applying an electrical pulse that reduces the phantom sensations. The 
electrical therapy can be applied so that it will modulate the ability of the neurons in 
that portion of the brain to execute sensory functions. 

b. Pulse Forms and Potentials 

The electrical stimulation methods in accordance with the invention can 
use several different pulse forms to effectuate the desired neuroplasticity. The pulses 
can be a bi-phasic or monophasic stimulus that is applied to achieve a desired potential 
in a sufficient percentage of a population of neurons at the stimulation site. In one 
embodiment, the pulse form has a frequency of approximately 2-1000 Hz, but the 
frequency may be particularly useful in the range of approximately 40-200 Hz. For 
example, initial clinical trials are expected to use a frequency of approximately 50-100 
Hz. The pulses can also have pulse widths of approximately lO^is- 100ms, or more 
specifically the pulse width can be approximately 20-200j^s. For example, a pulse 
width of 50-100jis may produce beneficial results. 

It is expected that one particularly useful application of the invention 
involves enhancing or inducing neuroplasticity by raising the resting membrane 
potential of neurons to bring the neurons closer to the threshold level for firing an 
action potential. Because the stimulation raises the resting membrane potential of the 
neurons, it is expected that these neurons are more likely to "fire" an action potential 
in response to excitatory input at a lower level. 

Figure 5C is a graph illustrating applying a subthreshold potential to the 
neurons N1-N3 of Figure 1A. At times ti and t 2 , the excitory/inhibitory inputs from 
other neurons do not "bridge-the-gap" from the resting potential at -X mV to the 
threshold potential. At time t 3 , the electrical stimulation is applied to the brain to raise 
the resting potential of neurons in the stimulated population such that the resting 
potential is at -Y mV. As such, at time t 4 when the neurons receive another excitatory 
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input even a small input exceeds the gap between the raised resting potential -Y mV 
and the threshold potential to induce action potentials in these neurons. For example, 
if the resting potential is approximately -70 mV and the threshold potential is 
approximately -50 mV, then the electrical stimulation can be applied to raise the 
resting potential of a sufficient number of neurons to approximately -52 to -60 mV. 

The actual electrical potential applied to electrodes implanted in the 
brain to achieve a subthreshold potential stimulation will vary according to the 
individual patient, the type of therapy, the type of electrodes, and other factors. In 
general, the pulse form of the electrical stimulation (e.g., the frequency, pulse width, 
wave form, and voltage potential) is selected to raise the resting potential in a 
sufficient number neurons at the stimulation site to a level that is less than a threshold 
potential for a statistical portion of the neurons in the population. The pulse form, for 
example, can be selected so that the applied voltage of the stimulus achieves a change 
in the resting potential of approximately 10%-95%, and more specifically of 60%- 
80%, of the difference between the unstimulated resting potential and the threshold 
potential. 

In one specific example of a subthreshold application for treating a 
patient's hand, electrical stimulation is not initially applied to the stimulation site. 
Although physical therapy related to the patient's hand may cause some activation of a 
particular population of neurons that is known to be involved in "hand function," only 
a low level of activation might occur because physical therapy only produces a low 
level of action potential generation in that population of neurons. However, when the 
subthreshold electrical stimulation is applied, the resting membrane potentials of the 
neurons in the stimulated population are elevated. These neurons now are much closer 
to the threshold for action potential formation such that when the same type of 
physical therapy is given, this population of cells will have a higher level of activation 
because these cells are more likely to fire action potentials. 

Subthreshold stimulation may produce better results than simply 
stimulating the neurons with sufficient energy levels to exceed the threshold for action 
potential formation. One aspect of subthreshold stimulation is to increase the 
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probability that action potentials will occur in response to the ordinary causes of 
activation - such as physical therapy. This will allow the neurons in this functional 
network to become entrained together, or "learn" to become associated with these 
types of activities. If neurons are given so much electricity that they continually fire 
action potentials without additional excitatory inputs (suprathreshold stimulation), this 
will create "noise" and disorganization that will not likely cause improvement in 
function. In fact, neurons that are "overdriven" soon deplete their neurotransmitters 
and effectively become silent. 

The application of a subthreshold stimulation is very different than 
suprathreshold stimulation. Subthreshold stimulation in accordance with several 
embodiments of the invention, for example, does not intend to directly make neurons 
fire action potentials with the electrical stimulation in a significant population of 
neurons at the stimulation site. Instead, subthreshold stimulation attempts to decrease 
the "activation energy" required to activate a large portion of the neurons at the 
stimulation site. As such, subthreshold stimulation in accordance with certain 
embodiments of the invention is expected to increase the probability that the neurons 
will fire in response to the usual intrinsic triggers, such as trying to move a limb, 
physical therapy, or simply thinking about movement of a limb, etc. Moreover, 
coincident stimulation associated with physical therapy is expected to increase the 
probability that the action potentials that are occurring with an increased probability 
due to the subthreshold stimulation will be related to meaningful triggers, and not just 
noise. 

The stimulus parameters set forth above, such as a frequency selection of 
approximately 50-100 Hz and an amplitude sufficient to achieve an increase of 60% to 
80% of the difference between the resting potential and the threshold potential are 
specifically selected so that they will increase the resting membrane potential of the 
neurons, thereby increasing the likelihood that they will fire action potentials, without 
directly causing action potentials in most of the neuron population. In addition, and as 
explained in more detail below with respect to Figures 6-40, several embodiments of 
stimulation apparatus in accordance with the invention are designed to precisely apply 
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